Saturated stimulated-emission depletion ͑STED͒ of a fluorescent marker has been shown to break the diffraction barrier in far-field fluorescence microscopy and to facilitate spatial resolution down to a few tens of nanometers. Here we investigate the photostability of a fluorophore that, in this concept, is repeatedly excited and depleted by synchronized laser pulses. Our study of bacteria labeled with RH-414, a membrane marker, reveals that increasing the duration of the STED pulse from ϳ10 to 160 ps fundamentally improves the photostability of the dye. At the same time the STED efficiency is maintained. The observed photobleaching of RH-414 is due primarily to multiphoton absorption from its ground state. One can counteract photobleaching by employing STED pulses that range from 150 ps to approximately half of the lifetime of the excited state. The results also have implications for multiphoton excitation microscopy.
Introduction
Stimulated emission depletion ͑STED͒ microscopy is being developed to overcome the diffraction resolution barrier in far-field fluorescence microscopy. The underlying theory suggests that a lateral and axial spatial resolution of a few nanometers can be attained with visible light and conventional lenses. 1 The development of STED microscopy has been encouraged by a series of experiments, 2, 3 such as the recently reported combined use of STED and 4Pi microscopy, that exhibited an axial far-field spatial resolution of 30 -40 nm for the first reported time in the far field. 4 The basic idea behind STED microscopy is to reduce the size of the fluorescent spot of a scanning microscope by depleting the excited state of the fluorophores located at the microscope's outer parts. The excitation is performed by an ultrashort laser pulse, the depletion, by a second pulse that induces stimulated emission. The depletion pulse is tuned to the red edge of the emission spectrum of the fluorophore ͑Fig. 1͒. Its focal intensity distribution is a structure with a central zero, such as a doughnut, 2, 3 or a local intensity minimum of a standing wave. 4 One breaks the diffraction barrier by saturating the depletion everywhere in the focal region except at the central minimum. Therefore only molecules that happen to be close to the focal point contribute to the detected signal.
The theoretically achievable spatial resolution is on a molecular scale, but in practice it is limited by the finite depth of the central minimum and the photobleaching of the molecules at high intensities. So far, a lateral resolution 3 of 65 nm and an axial resolution 4 of 33 nm have been demonstrated with suitable depletion doughnuts. For a perfect doughnut, the resolution could have been further increased if a higher power could have been applied in these experiments. The attainment of a higher resolution, say of a few nanometers, is retarded by the onset of photobleaching. In this paper we investigate the photobleaching behavior of a typical marker molecule, the styryl-pyridinium dye N-͑3-triethylammoniumpropyl͒-4-͕4-͓4-͑diethylamino͒phenyl͔butadienyl͖ pyridinium dibromide ͑RH-414͒, that has been employed in STED imaging as a bacterial membrane marker. 4 In particular, we investigate the role of the duration of the depletion pulse and show that photostability increases profoundly with increasing pulse duration, indicating that the limiting photobleaching is due to multiphoton absorption.
Rationale and Experimental Technique
Figure 1 a shows the basic spectroscopic conditions for excitation and depletion. After its excitation to a higher vibrational level of singlet state S 1 , the molecule nonradiatively decays within a few hundred femtoseconds to the low-lying fluorescent state. The redshifted depletion pulse induces stimulated emission in the fluorescent state and pushes the molecule to a higher vibrational level of the ground state, which also decays within a few hundred femtoseconds. Since the typical lifetime of the fluorescent state is in a range of 1-5 ns, STED has to be completed within a fraction of this time. This condition gives an upper limit of approximately 200 -1000 ps for the duration of the depletion pulse. Conversely, there is a lower limit of approximately 1-2 ps, which stems from the fact that transient filling of the higher vibrational level of the ground state must be avoided. 1 Within this range of ϳ3 orders of magnitude, STED is expected to be equally efficient. The reason is that stimulated emission is a linear photophysical phenomenon, and hence for a given focal area its efficiency is just proportional to the pulse energy, i.e., to the number of stimulating photons in the pulse.
The nonlinearity required for creating subdiffraction spots stems from the saturation of the fluorescence inhibition; that is, above a given pulse energy the excited state is empty. 1 The efficiency of STED may be described by the variable ϭ I͑P͒͞I͑0͒, where I͑P͒ denotes the molecular fluorescence at a given average power P. is the fraction of a molecule residing in the excited state. As long as the STED rate is lower than the rate of vibrational decay and the dye reexcitation by the stimulating beam is negligible, decays exponentially with the pulse energy, 4 thus giving the desired nonlinearity. Therefore in the selection of dye-wavelength pairs it is important that a high cross section for stimulated emission coincide with a low cross section for single or multiphoton absorption.
Given a typical cross section of stimulated emission 5 of 10 Ϫ16 cm 2 , saturation is reached at Ͼ10 16 photons͞cm 2 per pulse. In theory, an improvement by a factor of 3 over the diffraction barrier requires a photon flux that is ϳ20 times larger. Stretched over 13 ps, this energy renders a local peak pulse intensity of the order of only ϳ4 GW͞cm 2 . However, the presence of a nonvanishing doughnut minimum usually necessitates photon fluxes that are 2-4 times higher than this. Still, these conditions are compatible with biological imaging at this pulse duration. In fact, an axial resolution of 30 -50 nm has been demonstrated in a combined STED-4Pi microscope by imaging of Bacillus megaterium stained with RH-414 ͑Molecular Probes, Inc., Eugene, Ore.͒. 4 In these experiments the resolution was limited both by the residual intensity of the local minimum and by the onset of photobleaching. To understand and quantify the photodestruction limits in STED imaging, we recorded the fluorescence for different pulse energies, and pulse durations, and also for a reversed time order of the pulses. We maintained the environment-specific properties of the dye by carrying out the measurements on the membrane-labeled bacteria. We note that this dye is used as a voltagesensitive marker for detecting membrane potentials. 6 With correct time order and wavelength, the main photophysical process induced by the depletion pulse indeed is stimulated emission, so it is justifiable to refer to this pulse as the STED pulse. However, as we now imply the induction of parasitic effects, such as ͑multiphoton͒ excitation and photodestructive transitions, we refer to the excitation and the depletion pulses simply as the green and the red pulses, respectively.
The setup was similar to that described in Ref. 4 ͑Fig. 2͒. The red pulses were provided by a modelocked Ti:sapphire laser ͑Coherent, Inc., Santa Clara, Calif.͒ operating at a wavelength of 760 nm and at a 76-MHz repetition rate. The green pulses of 555-nm wavelength and ϳ200-fs duration originated from a synchronously pumped optical parametric oscillator ͑APE GmbH, Berlin͒ with internal frequency doubling. The red pulses, which exhibited an initial duration of 120 fs, were stretched by two holographic gratings ͑2200 lines͞mm; PC 2200 NIR, Spectrogon AB, Tä by, Sweden͒, giving downchirped pulses of 13-156-ps duration. The duration was adjusted by adjustment of the distance between the gratings. The laser power was regulated by a liquid-crystal-based controller ͑LPC-NIR, CRI, Inc., Woburn, Mass.͒. The red pulse train passed a delay line that adjusted the pulse timing with respect to the pulse's green counterpart. Both beams were spatially filtered, expanded, and coupled into the microscope by dichroic mirrors that separated the laser lines from the fluorescence. The objective lens was of high numerical aperture and designed for water immersion ͑PL APO 63 ϫ 1.2 W, Leica, Wetzlar, Germany͒. The resultant focal spots overlapped in space in such a way that the slightly larger red spot covered its green excitation counterpart. Confocal detection of the fluorescence ensured spatial confinement of the volume under investigation. Because of the 76-MHz repetition rate, the pulse pairs arrived at 13.16-ns intervals.
The hallmark of STED is an instantaneous change of the fluorescence signal with a change in the red beam's intensity. 1 In particular, any temporal delay in fluorescence recovery after interruption of the red beam signifies either photodestruction or a lightdriven transition into a dark state. Examples of the latter are transitions to a triplet state and to a nonfluorescent isomer. For photodestruction, the recovery is determined by the diffusion of fresh molecules into the focal volume, which, depending on the local viscosity and on the size of the volume, is in the 0.1-100-ms range. If a dark state is involved, fluorescence recovery may be dominated by the reverse transition into the fluorescent system. To reveal potential delays in response, we inserted a fast mechanical chopper that yielded rise and fall times of Ͻ100 s into the pump beam. Therefore ͑fast͒ depletion of the excited state by stimulated emission could be distinguished from ͑slow͒ photobleaching or photoisomerization into dark states.
The bacteria were prepared as described in Ref. 4 . After growing in a nutrient solution into log phase, the bacteria were labeled with the styryl dye RH-414. Labeling was performed by addition of a 10-M RH-414 nutrient solution for 30 -60 min, followed by a washing step. The bacteria were mounted with poly-L-lysine onto a coverslip and immersed in the nutrient solution. The nutrient solution did not exhibit autofluorescence. The focal spot was targeted on the bacterial membrane ͑Fig. 2͒.
Results and Discussion
All measurements in this paper were recorded with a resting focus, so the same spot on the membrane was scrutinized for each measurement. Whereas Fig.  3͑a͒ was recorded with the red pulses following the green ones, in Fig. 3͑b͒ the temporal order of the pulses was reversed. Each set of measurements exhibited three time curves. Curves of type I were due solely to the green excitation pulses. They established the reference level of fluorescence, I 0 , which originates from an arbitrarily selected spot on the bacterial membrane. At the average power of P green ϭ 100 -300 nW, photobleaching by excitation light was negligible within the time of observation. In the curves of type II both pulse trains were switched on, and the red one was chopped. To measure residual ͑i.e., parasitic͒ excitation by the red pulse we also recorded curves of type IV for which only the chopped red beam was applied. Curves of type III are obtained by subtraction of the curves of type IV from their counterparts of type II. Type III curves are devoid of excitation by the red pulses and exhibit the plain depletion.
The data in Fig. 3͑a͒ were recorded with ͑compar-atively short͒ red pulses of 13-ps duration. As each red pulse followed a green pulse, it encountered molecules that had just been excited. In this case STED was the dominant process, causing a prominent instantaneous level change that was in antisynchrony with the chopper ͑curve of type II͒. Still, the curve of type II reveals that the reference fluorescence level I 0 was not reached. Consistent with this finding, the part of the curve in which the red beam was interrupted exhibited a weak and slow signal increase with a time constant of ϳ45 ms. Both phenomena indicate that a fraction of the molecules had been altered by the red pulse.
For Fig. 3͑b͒ the pulse sequence was reversed. Thus the fluorescence generated by the succeeding green pulse was proportional to the number of intact molecules at the membrane spot. In the ideal case, the red beam would have no effect on the fluorescence level. However, the curve of type III again reveals that the initial fluorescence signal was not reached. Moreover the signal slowly decreased while the red beam was on. During the blocking period fluores- Fig. 2 . Confocal STED fluorescence microscope employing a Ti: sapphire laser that is synchronously pumping a frequencydoubling, optical parametric oscillator ͑OPO͒. Whereas the microscope produces the red STED pulses, the OPO renders the green excitation ͑Exc͒ pulses. The red pulses are power controlled by a liquid-crystal device ͑LPC͒, stretched by a pulse stretcher ͑PS͒ consisting of a double grating, and chopped ͑CH͒. The pulse timing is adjusted by an optical delay line. The green and the red pulses are coupled into the microscope via dichroic mirrors DC1 and DC2 and finally are focused through an objective lens into the marked bacterial membrane ͑inset͒. Fluorescence time curves are recorded by an avalanche photodiode that is synchronized with the chopper wheel. SHG, second-harmonic generator; PSFs, point-spread functions.
cence recovered slightly, underscoring that the red beam had a detrimental effect even without preceding excitation. An important conclusion is that this effect is initiated from the molecular ground state, with high probability. An involvement of a stationary S 1 buildup by spurious excitation with the red beam is excluded, because the S 1 lifetime of the dye is much shorter than the time interval between the pulses, ϳ13 ns. Higher-lying states S n decay at an even faster 5 rate of ͑1-3 ps͒
Ϫ1
. Therefore this process either starts straight from ground state S 0 or is mediated by a long-lived intermediate state, such as the triplet state to which there could have been access by direct pumping. Altering the intensity of the green pulse did not influence photobleaching ͑data not shown͒. This indicates that the bleaching is caused by the red pulse alone.
The reduction of active molecules can be qualitatively subsumed in two different models that could in principle be distinguished by the signal-recovery time. First, the process could be irreversible bleaching, leading to a nonfluorescent fraction of RH-414. In this case diffusion is the only signal-recovery mechanism. Second, the reaction could be a reversible transfer into a dark state, such as a trans-cis photoisomerization ͓Figs. 1͑b͒ and 1͑c͔͒. In the latter case the process would be reversible, and the backward transition could add to the recovery process. For styryls, trans-cis isomerization through rotation at the styryl double bond has been reported. 7 Calculations predict a transition from a trans state to a linearly stretched state with a strong singlet-triplet interaction. 7 Similar cis-trans isomerizations have been reported for the cyanine dye Cy5, which may both mask and compromise STED under red-light exposure. 2 Irrespective of the underlying molecular mechanism, a set of linear differential equations can be established for both models, and both lead to a qualitatively similar functional dependence of fluorescence on the intensities. However, because of the large number of fitting parameters that underlie these models, most of the rate constants cannot be deduced reliably, even if the photobleaching mechanism may vary with the molecular environment. The mechanism may also be different for different molecules. Therefore, rather than studying the subtleties of the molecular photobleaching, we concentrated on avoiding them.
At constant pulse energy and repetition rate, the efficiency of a multiphoton process of order n scales with red
Ϫnϩ1
. To determine whether photobleaching is a higher-order process ͑n Ͼ 1͒, we examined the influence of pulse duration. The measurements in Fig. 4 , carried out for time-reversed pulses, reveal that photobleaching depends on the duration of the red pulse. Figure 4͑a͒ displays time curves of type III recorded with the same pulse energy of 72.6 pJ, and with the same focal average power P red ϭ 5.52 mW but with different pulse durations, red ϭ 13, 40, 85, 156 ps. These pulse durations were associated with focal peak intensities of 5.6, 1.8, 0.85 and 0.47 GW͞cm 2 , respectively. The fluorescence signal attained during chopping was normalized to I 0 , i.e., to the signal obtained with the red beam switched off. Note the reduced fluorescence at red ϭ 13 ps and its dramatic increase with increasing red . For red ϭ 156 ps, fluorescence reaches 96% of the reference level. At shorter pulses, photobleaching-induced modulation by the chopped red beam becomes apparent, which is absent for the longest pulses. Consequently photobleaching depends not on the pulse energy but on the peak intensity that the pulse produces in the focal region. This dependence suggests that photobleaching has a major multiphoton absorption component, in contrast to stimulated emission, which is a linear process. This disparity is crucial for unscrambling STED from photobleaching. Fig. 3 . Raw time curves for configurations with ͑a͒ a leading and ͑b͒ a succeeding green excitation pulse, that is, with ͑a͒ regular and ͑b͒ reversed pulse time order. Each measurement consisted of three curves: I, green excitation only; II, green excitation with a chopped red beam; and IV, a chopped red beam only. Curve III represents the residual excitation caused by the red beam, that is, III ϭ II Ϫ IV. Photodamage induced by the red beam is apparent in curves II and III. The annotation of the fluorescence intensity levels is used in calculating the efficiency of stimulated emission and photobleaching. The residual excitation through the red beam can reduce the STED efficiency at high peak intensities of the red beam. Here, curves are displayed for 13-ps red pulses at average powers of ͑a͒ 3.67 and ͑b͒ 3.51 mW.
By denoting by I B the lowest fluorescence value in the curve of type III ͓Fig. 3͑b͔͒, we now introduce bleaching efficiency ␤ ϭ 1 ϪI B ͞I 0 . Figure 4͑a͒ displays curves of type III for pulses of 13, 40, 85, and 156 ps, whereas Fig. 4͑b͒ depicts ␤ rev as a function of the average power of the red beam. ͑The subscript "rev," for reversed, indicates that the red pulses precede the green pulses.͒ Whereas for shorter pulses it increases with increasing average power, for the 156-ps pulses bleaching remains remarkably constant within the range investigated, up to P red ϭ 8 mW. At the repetition rate of 76 MHz, P red entails a pulse energy of 105 pJ.
To contrast the efficiency of photobleaching with that of STED we returned to the regular pulse order. The chopped red pulse modulated the fluorescence signal between two levels, as shown in curve II of Fig.  3͑a͒ . Using these levels, we now define gross ϭ I͑P red ͒͞I B . The subscript "gross" indicates that true fluorescence reduction by stimulated emission may be stronger, because level I͑P red ͒ may have been elevated by residual excitation through the red beam. In as much as the two levels were measured by fast switching, gross reflects the fast change of fluorescence by light. gross is the decisive figure of merit for STED microscopy because the requirement is that the switching be reversible and faster than the scanning speed.
One obtains the fluorescence suppression induced just by stimulated emission by computing curve III ϭ II Ϫ IV, as indicated in Fig. 3͑a͒ . With I R denoting the residual background signal, we find STED ϭ ͓I͑P red ͒ Ϫ I R ͔͞I B , which gives the fraction of initially excited molecules that are not depleted by stimulated emission. To a good approximation we can calculate STED ϭ exp͑Ϫh red ͒, where h red is the number of red photons per pulse per area and is the cross section for stimulated emission. 4 Figures 5͑a͒ and 5͑b͒ show gross and STED , respectively, as functions of both pulse duration red and average power P red . At a comparatively low value of P red of ϳ0.4 mW, gross and STED hardly vary within this order-of-magnitude span of the pulse duration. This finding confirms that the observed depletion is due to a linear process. At large P red ͑ϳ6 mW͒, however, a significant variation of gross with pulse duration is found, which can be attributed to stronger residual excitation of the dye by the red light. The fact that it decreases with longer pulses underlines the fact that the excitation results from multiphoton absorption. Figure 5͑b͒ shows that, with increasing average power, STED becomes more effective. Furthermore, STED does not depend on the pulse length within the measurement error. This is in accordance with the theoretical expectation that, within the range of vib Ϸ 0.3 ps Ͻ Ͻ red Ͻ Ͻ 1 ns, pulse duration red does not affect the STED efficiency. ͑The fluorescence lifetime of the membrane-incorporated dye was 1.4 ns.͒ The precision of the bleaching measurements is limited by the fact that the measurements are made at the same spot on the bacterial membrane. Photobleaching efficiency ␤ plotted in Fig. 5͑c͒ , not only corroborates our previous findings about the pulse length but also shows that within the power range investigated the photobleaching efficiency remains virtually constant for the long pulses ͓solid curve in Fig. 5͑c͔͒ . Finally, we discuss the effect of photobleaching on STED imaging. Whereas the increase in resolution requires a reversible fluorescence suppression that is faster than the pixel dwell time, it is interesting to note that, at least in its point-scanning version, STED microscopy may tolerate a slow-recovery component, provided that the slow-recovery time is sig- Fig. 4 . Photobleaching by the red beam as a function of the pulse duration, studied for preceding red pulses. ͑a͒ Backgroundcorrected time curves of type III recorded with pulses of durations red ϭ 13, 40, 85, 156 ps but at the same focal average power of 5.52 mW. The strong increase of photobleaching with reduced pulse duration indicates a nonlinear behavior of photobleaching. ͑b͒ Bleaching efficiency ␤ rev as a function of average power of the red beam, P red . Whereas the shorter pulses lead to increased photobleaching at higher average power, for red ϭ 156 ps the bleaching efficiency is constant within the power range investigated.
nificantly longer than the time that it takes for the whole doughnut-shaped red spot to cross the area under investigation. The reason is that, during scanning, each pixel faces the intense maximum of the red doughnut first, thus leveling the fluorescence. The situation is comparable to that of the type III chopped curve in Fig. 3͑a͒ . The modulation is given by gross , but STED microscopy can still be useful because the main effect of the bleaching is a reduction of the total fluorescence. In fact, the superresolution recordings in Ref. 4 were recorded with 13-ps pulses and hence under partial-bleaching conditions. For imaging with subdiffraction resolution, we selected the scanning speed such that the signal was dominated by instant switching by stimulated emission. If, however, the scanning speed is of the order of the slow fluorescence recovery, superresolution imaging is compromised. The best approach is to avoid photobleaching altogether by employing pulses of Ͼ150-ps duration. The finding that the photobleaching that we observed has a nonlinear origin is in accordance with other reports on photodamage under illumination with ultrafast pulses. In fact, it is a further piece of evidence that photobleaching with pulsed intense illumination is prone to be nonlinear. 8 Detrimental two-photon absorption is a major limiting factor in two-photon excitation fluorescence microscopy. 9, 10 In this imaging mode, desired and undesired twophoton absorption can be disconnected only by wavelength selection. As it is a linear process, it is different with stimulated emission. For example, a three-fold improvement of resolution over the diffraction barrier typically requires an average power of the stimulating beam of 10 mW. This power is quite precisely the ͑maximum permissible͒ average power in a multiphoton excitation microscope. However, because the STED pulses are longer by ϳ3 orders of magnitude than those used for multiphoton excitation ͑150 ps compared with 150 fs͒, parasitic two-and three-photon absorption is reduced by 3 and 6 orders of magnitude, respectively. Clearly, the applied average power and peak intensities are live-cell compatible 11 and far below nonlinear damage thresholds for live mammalian cells.
Conclusion
Our investigation revealed fundamentally improved photostability with pulse durations that were Ͼ150 ps. The experiments indicated that the photobleaching of the styryl dye RH-414 was due primarily to multiphoton absorption of its ground state. As stimulated emission depends linearly on intensity, photobleaching can be efficiently counteracted by use of STED pulses that range from ϳ150 ps to approximately half of the lifetime of the excited state. Whereas our study applies primarily to this fluorophore-environment system, preliminary experiments with other dyes indicate that the photostability behavior that we observed may be general. An important consequence for STED microscopy is that high-repetition-rate pulsed laser diodes may become Fig. 5 . Efficiency of stimulated emission and photobleaching for succeeding red pulses as a function of power P red and pulse duration red . ͑a͒ gross reveals the fraction of excited molecules after the red-pulse action, ͑b͒ STED indicates the depletion of the excited state by stimulated emission, and ͑c͒ shows the efficiency of bleaching. gross is decreased by residual multiphoton excitation by the red beam, which becomes stronger for decreasing red and higher P red . In ͑b͒ it is shown that the depletion by stimulated emission does not depend on the pulse length. Therefore long pulses should be used for efficient depletion and low photobleaching. attractive alternatives to mode-locked lasers, not only because of their cost-efficiency but also because their 100 -300-ps pulses may be more benign to cells and their fluorescent markers.
